In Kondo insulator samarium hexaboride SmB6, strong correlation and band hybridization lead to an insulating gap and a diverging resistance at low temperature. The resistance divergence ends at about 5 Kelvin, a behavior recently demonstrated to arise from the surface conductance. However, questions remain whether and where a topological surface state exists. Quantum oscillations have not been observed to map the Fermi surface. We solve the problem by resolving the Landau Level quantization and Fermi surface topology using torque magnetometry. The observed Fermi surface suggests a two dimensional surface state on the (101) plane. Furthermore, the tracking of the Landau Levels in the infinite magnetic field limit points to -1/2, which indicates a 2D Dirac electronic state.
The recent development of topological insulators is a triumph of single electron band theory [1] [2] [3] [4] [5] [6] [7] [8] . It is interesting to understand whether similar exotic states of matter can arise once strong electronic interaction comes into play. Kondo insulators, a strongly-correlated heavyfermion system, offer a good playground for the exploration of this question. In a Kondo insulator 9, 10 , the hybridization between itinerant electrons and localized orbitals opens a gap and makes the material insulating. Once the sample temperature is cold enough, the electronic structure in the strongly correlated system can be mapped to a rather simple electronic state that resembles a normal topological insulator 11 . As a result, in the ground state of the Kondo insulator there exists a bulk insulating state and a conductive surface state. In samarium hexaboride (SmB 6 ), the existence of the surface state has been suggested by recent experimental observations of the surface conductance as well as a map of the hybridization gap [12] [13] [14] . However, a direct observation of the Fermi surface has not yet been achieved by transport measurements in Kondo insulators. In this letter we report the observation of quantum oscillations in Kondo insulator SmB 6 using torque magnetometry. The observed Fermi surface is shown to be two-dimensional (2D) and arises from the crystalline (101) surface, and the Landau Level index plot shows a Berry phase contributed -1/2 factor in the infinite field limit, which indicates that this Fermi surface encloses Dirac points, a characteristic property of topological insulators.
The direct observation of quantum oscillations is an essential step in understanding the electronic state of the bulk and surfaces of Kondo insulator. Wolgast et al. have argued strongly that the great robustness and certain other properties of the low T surface conductivity of SmB 6 are best understood as a consequence of having TI surface states 12 . Nonetheless there is yet no direct evidence for this interpretation of the surface conduction. Such evidence should come from microscopic measurements of the electronic structure, as has been accomplished for the weakly correlated TI materials, such as Bi 2 Se 3 , Bi 2 Te 3 , and graphene [15] [16] [17] [18] [19] [20] . In this report we make a microscopic study of the electronic structure of SmB 6 by resolving the quantum oscillations using torque magnetometry (the de Haas-van Alphen effect, or dHvA effect).
The material SmB 6 is a very good insulator: the resistivity of SmB 6 increases by 4 orders of magnitude as its temperature decreases from room temperature to 0.3 K. For a normal insulator with such a property, usually there is no Fermi surface and no quantum oscillations. Yet, our magnetization measurements shows clear quantum oscillations due to the Landau quantization of Fermi Surface. The observed Fermi surface cross section is found to be symmetrical about a certain sample crystalline axis and is consistent with a two-dimensional Fermi surface due to the surface state of the (101) plane. The effective mass is found be as low as 0.1 m e , the bare electron mass, and the mean free path is as long as 55 nm, much longer than the crystalline lattice constant.
One major difference between SmB 6 and the conventional topological insulators is the crystal anisotropy. As shown in Fig. 1 (a) , the crystal structure of SmB 6 is simple cubic. The samarium elements are separated by an inert cluster of six boron atoms. SmB 6 single crystals were grown by conventional flux methods. Each sample has been etched with acid to remove the leftover flux. Fig. 1 (b) shows a photo of a piece of SmB 6 single crystal. Beside a flat (001) surface, there are four (101) planes. Later we will find one major feature of the oscillation pattern that comes from the (101) planes.
We apply torque magnetometry to resolve the Landau Level quantization and the resulting quantum oscillation in magnetization. Since the magnetization is simply the derivative of the magnetic free energy G with respect to magnetic field H, torque magnetometry probes the oscillations in the free energy and the density of states directly, thus making it a very sensitive probe to Fermi surface topology 21 magnetic susceptibility anisotropy of samples [22] [23] [24] . With the tilted magnetic field H confined to theâ-ĉ plane, the torque τ of a paramagnet is shown as follows,
where φ is the tilt angle of H away from the crystallinê c axis, and ∆χ = χ a − χ c is the magnetic susceptibility anisotropy. Therefore, any small change of Fermi surface topology due to the Landau Level quantization is amplified by the H 2 term and revealed by torque magnetometry.
In our experimental setup, an SmB 6 single crystal is glued to the tip of a thin brass cantilever, as shown in Fig.  1 (c) . The magnetic torque τ is measured by tracking the capacitance change between the cantilever and a gold film underneath. An example of the torque τ vs. magnetic field µ 0 H is displayed in Fig. 1 , taken at temperature T = 1.65 K and φ ∼ 33
• . Overall, the τ − H curve is quadratic, reflecting the paramagnetic state and the linear M − H relation in SmB 6 .
On top of the quadratic torque curve, large oscillations and small wiggles start appear as the magnetic field goes beyond 5 T. Fig. 2 presents the oscillation pattern. Oscillatory torque τ osc is defined by subtracting a quadratic background from the torque τ . Fig. 2 (a) shows that τ osc is periodic in 1/µ 0 H, reflecting the quantization of the Landau Levels. For metals, the oscillating frequency F is determined by the cross section area A of the Fermi surface 21 , as follows,
Furthermore, there are fine wiggles in the raw torque τ − H data as well as the oscillatory τ osc . We further subtract the low oscillatory background away to draw attention to the high frequency oscillation. The resulting high frequency torque is named τ osc , shown in the middle panel of Fig. 2 (a). To help determine the oscillation frequencies, we also take the derivative dτosc dH and plot the result as a function of 1/µ 0 H in the lower panel of Fig. 2 (a) . In the derivative plot, the slow oscillation feature lines up with that in Panel a, and the fast feature lines with that in Panel b. Further verification of the two major oscillation periods are taken by the Fast Fourier Transformation (FFT) of the oscillatory torque τ , compared with that of the derivative dτosc dH . Two major peaks are observed in both of the FFT spectra. We name the lower frequency one as α and the higher frequency one β. Based on the FFT analysis and the Landau Level indexing we find the frequency F ∼ 48 T for Fermi pocket α and F ∼ 300 T for Fermi pocket β.
The electronic properties of these two Fermi surfaces are revealed by tracking the temperature dependence of the oscillatory torque τ osc and τ osc . Fig. 2 (c) displays the temperature dependence of the oscillating amplitude for both Fermi surfaces taken at a selected field H. Even though SmB 6 is generally known as a Kondo insulator, the temperature dependence of τ osc tracks very much like that of normal metal. In metals, the oscillating magnetic torque is well described by the Lifshitz-Kosevich formula 21 . The temperature T and field H dependences of the oscillation amplitude are determined by the product of the thermal damping factor R T and the Dingle damping factor R D , as follows,
where the effective mass m = m * m e and the Dingle temperature T D = /2πk B τ S . τ S is the scattering rate, m e is the bare electron mass, B = µ 0 H is the magnetic flux density, and α = 2π 2 k B m e /e ∼14.69 T/K 21 . As shown in the τ osc − T and τ osc − T plots in Fig. 2  (c) , fitting the temperature dependence of the oscillating amplitudes of the thermal damping factor R T yields that m = 0.074m e for Fermi surface α and m = 0.10m e for Fermi surface β. We further determine the scattering rate by analyzing the Dingle damping factor. Fig. 2 (d) displays the field dependence of the oscillating amplitude, normalized by the thermal damping factor R T . Fitting of the curves yields that T D ∼ 22 K for Fermi surface α, and T D ∼ 24 K for Fermi surface β. Based on the parameters such as the oscillation frequencies, the effective masses, and the Dingle temperatures, we are able to determine the electronic properties of the Fermi surfaces in SmB 6 . A summary of our results is in Table I .
The measured long mean free path l supports the idea of intrinsic metallic surface states. For both of the pockets the mean free path l is quite large. l ∼ 33 nm for pocket α and l ∼ 55 nm for pocket β. The mean free path is two orders of magnitude larger than the crystal lattice constant ∼ 0.4nm. It is hard to support such a long mean free path if the surface/bulk conductance arises from hopping between impurities.
Such a low effective mass is quite surprising, since most of the theoretical developments for the topological Kondo insulator expects a heavy mass of the surface states 25 . On the other hand, the relative small mass is consistent with linear Dirac dispersion and suggests the chemical potential is close to the Dirac point. For a regular quadratic dispersion, the effective mass stays the same at different chemical potential. By contrast, a linear Dirac dispersion requires a constant Fermi velocity v F at different chemical potential. The effective mass m = k F /v F is greatly reduced once the chemical potential is very close to the Dirac point. The observed mass in SmB 6 is also much smaller that that of the semi metallic hexaboride compounds such as La-doped CaB 6 and EuB 6 26,27 . The most important feature of the observed quantum oscillations is the two dimensionality (2D). For a 2D planar metallic system, the magnetic field projected to the normal axis of the plane determines the Landau Level quantizations. Thus, the oscillation frequency vs. tilt angle curve generally follows the inverse of the sinusoidal function [16] [17] [18] . We rotate the whole cantilever setup to track how the oscillation frequency F changes as a function of the tilt angle φ. Fig. 3 (a) displays the angular dependence of the oscillation frequency of both pockets. For the larger Fermi surface β, the oscillating frequency F not only displays a large angular dispersion, but also closely tracks the function 1/ cos(φ − 45 • ) (red line). To test the trend, the insert of Fig. 3 (a) compares F vs. 1/ cos(φ − 45
• ) for Fermi surface β and verifies the trend with the linear fit. We also notice that the contribution from the plane (101) and (101) are also observed near 0
• and 90
• . For the small Fermi surface α, the F vs. φ also displayed a four-fold symmetry. The minimum of the oscillating period happens at 0
• . However, the scattering of the data points and the uncertainty of determining F using FFT makes it challenging to make a 2D fit.
The oscillating period of the Fermi pocket β is symmetric to the axis (101) in the rotation plane. The observed symmetry suggests that that the oscillation does not arise from the possible remaining aluminum (Al) flux. The observed 4-fold symmetry and 1/ cos(φ − 45
• ) can hardly be explained by Al impurity. Even if small pieces of Al flux exist in SmB 6 samples, they are most likely to crystallize along many random orientations. They would not likely align together to one particular crystal axis of SmB 6 . On top of the symmetric oscillation frequency, we also find the contribution of aluminum is unlikely since the SmB 6 samples have all been etched to remove possible Al flux left on surfaces. Furthermore, the resistivity measurement does not show any dip at ∼ 1.2 K, the superconducting transition temperature of Al. These facts confirm that the observed quantum oscillation pattern is an intrinsic property of single crystalline SmB 6 .
The angular dependence of the oscillation frequency suggests that at least the Fermi surface β is twodimensional and likely to arises from the crystalline (101) plane. By contrast, most of the theoretical modeling focuses on the surface states in the (100) planes 28 . We emphasize that the surface states in the (100) plane should still be possible to observe if the future SmB 6 samples are cleaner. In fact, our observed Fermi pocket α may be from the (100) surface plane. However, this speculation does not have enough evidence due to the lack of the clear angular dependence of the measured F of pocket α.
Finally, we carry out the torque magnetization measurement to 45 T to track the Landau level indices for the two observed Fermi pockets. The observed magnetization M is shown in the upper panel of Fig. 4(a) . We take the derivative dM/dH, shown in the middle panel of Fig. 4 . Following the practices well demonstrated in the dHvA effect in bismuth 23 and proofed analytically, the Landau Level field is defined by the field value of the minimum in dM/dH, reflecting the Landau diamagnetic susceptibility maximizes as the chemical potential finishes filling each Landau Levels. Following the practices well demonstrated in the dHvA effect in bismuth 23 ], we take the derivative dM/dH shown in the middle panel of Fig. 4 . The Landau Level field, defined by the field value corresponding to the minimum in dM/dH, reflects that the Landau diamagnetic susceptibility maximizes as the chemical potential finishes filling each Landau Level.
In the raw data of dM/dH, the fast oscillating period is well defined, and the dips show the Landau Levels fields B β n for the pocket β. The envelop of the pattern shown in the dM/dH pattern is from the slow oscillation due to the pocket α. To determine the Landau Level field B α n for the slow oscillation, we apply a lower pass FFT filter ( F < 90 T ) to resolve the oscillation pattern, shown in the lower pattern of Fig. 4(a) . The index plots for both pockets are displayed in Fig.4(b) . For the α pocket, we slow add the field value where the maximum happens in the plot, as the function of n+1/2. As expected, the index plots show straight lines. To determine the infinite field limit γ, the linear fits are extended to find the x-axis intercept. The insert of Fig. 4(b) shows the same index plots in expanded scale. The intercept γ is -1/2 for both pockets. Linear fitting of the index plots also finds γ α = −0.45 ± 0.07 and γ β = −0.44±0.06. We note that the half integer intercepts are one of the characteristic features of 2D Dirac electronic systems, as demonstrated in graphene 19 and the surface state of topological insulators 20 . We notice the missing of the quantum oscillation in the magnetoresistance of SmB 6 . We have tested the resistance of SmB 6 at 300 mK in field as high as 45 T, but did not resolve Landau Levels. Although we do not know exactly the reason, we speculate that it is also related to the missing of the (101) plane in most of the measurement setups. A typical four-probe resistance measurement would be a parallel contribution of four (100) planes and four (101) planes, and the contribution from the former would easily dominate given their relative large width (for the sample shown in Fig. 1 , the total net width of the (100) planes is about 10 times larger than that of the (101) planes). Moreover, the magnetic torque and magnetization measurements are usually more sensitive to the Landau Level quantization, demonstrated in many material systems [22] [23] [24] because the magnetization is a thermodynamic quantity directly related to the free energy and the density of states. Certain sample domain structures may affect the coherence in the resistance measurement, but not on the magnetization measurements.
Questions remain as to where the observed Fermi surface in the (101) plane arises from. In the (101) plane there are four high symmetry points[(0, 0), (0, π/a), (π/ √ 2a, 0) and (π/ √ 2a, π/a)]. For example, as shown in Fig. 3 (b) , projecting the bulk band X points to the (101) plane leads to a pocket at (0, π/a) , and a pair of pockets at (π/ √ 2a,0) and (−π/ √ 2a,0). Based on symmetry, only (0,π/a) shall have a Dirac point, which is consistent with the experimental observation. However, the topological theory doesn't prohibit pairs of Dirac points to arise at low symmetry points,which offers another possible origin for the observed pockets.
In conclusion, using torque magnetometry we observed Fermi-liquid-like quantum oscillations from Kondo insu-lator SmB 6 . Two small Fermi surfaces were observed with light mass m ∼ 0.07m e − 0.10m e and the k F l factor as big as 55. The angular dependence reveals that the dominating oscillation pattern is symmetric to the crystalline (101) axis. The Landau Level index plot reveal the existence of the Berry phase factor in the infinite B limit and indicates that the surface state is topological. Our observation indicates a clean metallic surface state along the (101) cleavage plane, and this is an ideal plane to resolve the chirality and topological properties of the surface state.
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